The isotropic average conduction band minimum electron effective mass in Sn-doped monoclinic single crystal β-Ga 2 O 3 is experimentally determined by mid-infrared optical Hall effect to be (0.284 ± 0.013)m 0 combining investigations on (010) and (201) surface cuts. This result falls within the broad range of values predicted by theoretical calculations for undoped β-Ga 2 O 3 . The result is also comparable to recent density functional calculations using the Gaussian-attenuation-Perdue-Burke-Ernzerhof hybrid density functional, which predict an average effective mass of 0.267m 0 (arXiv:1704.06711 [cond-mat.mtrl-sci]). Within our uncertainty limits we detect no anisotropy for the electron effective mass, which is consistent with most previous theoretical calculations. We discuss upper limits for possible anisotropy of the electron effective mass parameter from our experimental uncertainty limits, and we compare our findings with recent theoretical results.
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Single crystal gallium (III) oxide is a desirable material for optical and electronic applications due to its unique physical properties such as its transparent conducting nature and wide band gap.
1 As a transparent conductor, Ga 2 O 3 is useful for various types of transparent electrodes, for example in flat panel displays, 2 smart windows, 3, 4 photovoltaic cells, 3 and gas sensors. 5 Due to its wide band gap, Ga 2 O 3 has a larger breakdown voltage than SiC and GaN, which makes it an excellent candidate for power devices. [6] [7] [8] [9] [10] Among the five phases, the monoclinic β phase is the most stable, and is expected to possess highly anisotropic properties which may prove useful for various applications.
11,12
Precise knowledge of the free charge carrier properties is imperative for electronic and optoelectronic device design and operation. Experimentally determined results for effective mass, free charge carrier concentration, and mobility parameters are currently scarce for β-Ga 2 O 3 . Numerous theoretical investigations have yielded a wide range of values for the electron effective mass: from 0.12m 0 to 0.39m 0 , where m 0 is the free electron mass. 10, [13] [14] [15] [16] [17] [18] [19] Most calculations predict only minimal anisotropy. Although, recent Gaussianattenuation-Perdue-Burke-Ernzerhof (Gau-PBE) hybrid density functional calculations predict slightly higher anisotropy.
15 Using a combination of optical transmission and electrical Hall effect measurements, the authors a) Electronic mail: sean.knight@engr.unl.edu in Ref. 20 estimate a range of values for electron effective mass parameter along the b and c crystal directions to be m * b = 0.5m 0 to 1.0m 0 and m * c = 1.0m 0 to 2.0m 0 , respectively. Electrical Hall effect measurements on β-Ga 2 O 3 allow access to free charge carrier concentration and mobility, [20] [21] [22] [23] but this technique alone cannot resolve the effective mass parameter.
The optical Hall effect is a physical phenomenon exploited in our measurement technique, which employs generalized spectroscopic ellipsometry in combination with external magnetic fields to obtain the free charge carrier properties of semiconducting materials without electrical contacts. [24] [25] [26] [27] [28] This technique measures the change in the polarization of light after interaction with a sample due to a Lorentz force acting on the free charge carriers. In contrast with the electrical Hall effect, the optical Hall effect is capable of obtaining the effective mass, carrier concentration, mobility, and charge carrier type parameters simultaneously.
In this work, we experimentally determine the electron effective mass in Sn-doped monoclinic single crystal β-Ga 2 O 3 by mid-infrared optical Hall effect (MIR-OHE) measurements. To our best knowledge, determination of free charge carrier parameters in crystals with monoclinic symmetry by magneto-optical methods has not been reported yet. We compare our results to values reported in previous theoretical and experimental work, and we discuss the anisotropy of the effective electron mass parameter. Here we find no discernible anisotropy and assume an isotropic average parameter. We discuss the amount of finite anisotropy that may remain hidden within our present experimental error bars for the effective mass to be potentially discovered by subsequent experiments.
Two surface cuts, (010) and (201), of Sn-doped single crystal β-Ga 2 O 3 are investigated in this work. The crystals were grown using the edge-defined film-fed growth method by Tamura Corp. (Japan). [29] [30] [31] The dimensions for the (010) surface are (0.65×10×10) mm, and (0.65×10×15) mm for the (201) surface. The optical response of β-Ga 2 O 3 is governed by the monoclinic Cartesian dielectric function tensor. 32 Here the Cartesian direction x is contained within the sample surface plane and is oriented along the propagation direction of light incident on the sample. The z direction is oriented into the sample surface. The crystal directions in β-Ga 2 O 3 are denoted a, b, and c, where the monoclinic angle β = 103.7
• lies between a and c. 33 We choose to align a and b along x and -z, respectively, such that c lies within the x-y plane. For practicality, we introduce the direction c parallel to y, so that a, b, and c form a pseudo-orthorhombic system. We define azimuth angle φ as a rotation about the z axis for a given crystal axes orientation. 32 For the (010) surface, φ = 0 • corresponds to a aligned along x. For the (201) surface, φ = 0
• corresponds to b aligned along y.
Generalized spectroscopic ellipsometry is the measurement technique employed here to determine the free charge carrier properties of β-Ga 2 O 3 . Ellipsometric data is obtained using the Mueller matrix formalism. 24 The MIR-OHE data is obtained at +6 T, 0 T, and -6 T, with the magnetic field parallel to the incoming infrared beam. Each surface cut is measured at one in-plane azimuth orientation. These measurements are performed at angle of incidence Φ a = 45
• and at temperature T = 300 K. Additional measurements at zero field were performed at multiple in-plane orientations, and included into the data analysis. Note that the anisotropy of the effective mass parameter is determined by the anisotropy in the plasma frequency as discussed further below. The anisotropy of the plasma frequency parameter is determined at zero field and multiple azimuth orientations. Hence, OHE data were only performed at one azimuth orientation for each sample.
In addition to the MIR-OHE measurements, zero magnetic field Mueller matrix data is measured at multiple azimuth orientations for each surface cut. The data is obtained using a commercially available MIR ellipsometer (IR-VASE, J.A. Woollam Co. Inc.) and the afore mentioned home-built ellipsometer in the spectral range of 150 cm −1 to 1500 cm −1 with a resolution of 2 cm −1 . The zero magnetic field data is not shown here, but is included in Ref. 32 . These measurements are performed at Φ a = 50
• , 60
• , and 70
• and at room temperature. Ellipsometry is an indirect measurement technique which requires a physical parameterized model be fit to experimental data to determine the desired parameters.
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The model approach used here is very similar to that of Ref. 32 . The two phase optical model consists of ambient air and β-Ga 2 O 3 joined at a planar interface. The dielectric function tensor of β-Ga 2 O 3 at long wavelengths consists of contributions from optical phonon modes and free charge carriers. These contributions are modeled using the eigendielectric displacement vector summation approach described in Refs. 32 and 37. In this approach contributions from individual dielectric resonances, in this case phonon modes and free charge carriers, are added to a high frequency dielectric constant tensor ε ∞ . The anharmonically broadened Lorentz oscillator model is used to represent phonon resonance contributions. 37 No substantial Drude contribution was detected in the off-diagonal components of the monoclinic dielectric function tensor. 32 Thus, we employ an orthorhombic Drude model where three independent Drude contributions are added to the dielectric function response along axes a (ε xx ), b (ε zz ), and c (ε yy ).
The magnetic field dependent free charge carrier contribution to the dielectric function tensor ε FC (ω) is described using the classical Drude formalism including the change induced by the Lorentz force 24, 28 
. (1) Here, I is the identity matrix, and b x , b y , b z are the scalar components of magnetic field vector B, where each component is the projection along x, y, and z, respectively. At zero magnetic field, the classical Drude model parameters include the screened plasma frequency tensor ω p = N q 2 /ε 0 ε ∞ m * , and the plasma broadening tensor γ = q/µm * . These parameters depend on the free charge carrier properties which include effective mass m * , free charge carrier volume density N , and mobility µ, where m * and µ are diagonal second rank tensors. In the isotropic average approximation of a given tensor, its values are replaced by an isotropic scalar and the corresponding unit matrix. The parameter ε 0 is the vacuum dielectric permittivity, and q is the elementary electric charge. At non-zero magnetic field, the cyclotron frequency tensor is ω c = q|B|/m * . Figs. 1 and 2 show experimental and best-match model calculated MIR-OHE difference spectra for the (010) and (201) surface cut of β-Ga 2 O 3 , respectively. The MIR-OHE signals are strongest in the vicinity of the zero magnetic field reflectance minima for samples with a sufficient free charge carrier contributions. 38 For the samples investigated here, the reflectance minimum and MIR-OHE signal appear at the edge of the reststrahlen band at around 900 cm −1 . Due to the coupling of longitudinal optical phonon modes and free charge carriers, the so called lon- 
FIG. 1. MIR-OHE experimental (green dots) and bestmatch model calculated (solid red lines)
Mueller matrix difference spectra (∆Mij = Mij(+6 T)−Mij(−6 T)) for the (010) cut β-Ga2O3 sample at azimuth angle φ = 112.5
• . All measurements are performed at temperature T = 300 K, and at angle of incidence Φa = 45
• . The magnetic field is parallel to the incoming infrared beam. gitudinal phonon plasmon (LPP) modes are now experimentally observed. Since the spectral locations of the reflectance minimas are governed by the LPP modes, the strongest MIR-OHE signatures occur in the vicinity of the highest frequency LPP modes, which are indicated by the vertical dotted lines in Fig. 1 and Fig. 2 . 32 The unique shape of the signal is governed by changes in the dielectric function tensor due to phonon modes near this spectral range. We note that until this report, MIR-OHE difference data between positive and negative magnetic 33 ). This is due to the dielectric function tensor for the (010) surface at azimuth angle φ = 112.5
• possessing non-zero off-diagonal elements at |B| = 0. In contrast, the (201) surface at azimuth angle φ = 181.7
• possesses negligible off-diagonal tensor components at |B| = 0 since the a-c plane lies within the plane of incidence.
Assuming separate sets of isotropic free charge carrier properties for the (010) and (201) surfaces, the model parameters are fit to the MIR-OHE difference data and zero magnetic field data simultaneously. The final bestmatch model fit is presented in Fig. 1 and Fig. 2 , and the resulting parameters are shown in Table I . The zero magnetic field data alone would allow one to determine the isotropic plasma frequency ω p and broadening γ, which are functions of m * , N , and µ. The addition of the MIR-OHE data in the analysis allows m * , N , and µ to be accurately resolved. In order to improve the best match between model calculated and experimental data, the model for the (010) and (201) surfaces must be assigned independent sets of free charge carrier properties to account for a potentially different Sn dopant distribution and activation. However, each surface shares the same phonon mode parameters and ε ∞ . Since the phonon mode parameters and ε ∞ in Ref. 32 were derived assuming identical Drude parameters for the (010) and (201) surfaces, these quantities were also included in the bestmatch model fit to properly determine the free charge carrier properties. The analysis confirms the expected n-type conductivity for each surface cut. The azimuth angle φ = 112.5
• and φ = 181.7
• for the (010) and (201) surface, respectively, are determined by applying the zero magnetic field model to the zero-field MIR-OHE measurement.
The electron effective mass parameters experimentally determined in this work are m * = (0.284 ± 0.013)m 0 The parameters ω p,a , ω p,b , and ω p,c are the plasma frequencies corresponding to the a, b, and c directions, respectively. Information about the plasma frequencies can be gathered without the use of magnetic fields. Generalized ellipsometry measurements at zero field and at multiple sample azimuth orientations, for both the (010) and (201) surfaces, were taken and subsequently analyzed simultaneously with the MIR-OHE data. This approach provided sufficient sensitivity to determine the anisotropy of the free charge carrier parameters. The resulting effective mass parameters are shown in Table II −0.27 ) for the (010) surface, where the upper and lower scripted numbers refer to the upper and lower uncertainty limit of the effective mass parameter ratio. The upper/lower limits come from taking the ratios within the maximum/minimum parameter deviations in the numerator and denominator using the mass parameters and error bars as shown in Table II Our findings suggest as small deviation from isotropy, however, which is well within the uncertainty limits for both surfaces investigated. Nonetheless, the possibility of a small anisotropy would be consistent with recent theoretical investigations. 15 We note that the theoretical results reported so far are inconsistent, however, all theoretical predicted ratios could fall within our experimental error bars and no conclusive statement about a finite anisotropy of the effective electron mass parameter can be made at this point. Within our uncertainty limits, the mobility parameter is found to be essentially isotropic. This is consistent with previous theoretical investigations for intrinsic mobility, 40 experimental Hall effect measurements using the bar method 41 and using the Van der Pauw method. 22, 42 A nearly isotropic mobility is also reported for electron channel mobility in silicon-doped Ga 2 O 3 metal-oxide-semiconductor fieldeffect transistors (MOSFETs). 
